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Abstract
Normal hearing is associated with cochlear nonlinearity. When two tones (f1 and f2) are presented, the intracochlear 
response contains additional components that can be recorded from the ear canal as distortion product otoacoustic emissions 
(DPOAEs). Although the most prominent intermodulation distortion component is at 2f1-f2, other cubic distortion products 
are also generated. Because these measurements are noninvasive, they are used in humans and in animal models to detect 
hearing loss. This study evaluated how loss of sensitivity affects DPOAEs with frequencies above and below the stimulat-
ing primaries, i.e., for upper sideband (USB) components like 2f2-f1 and for lower sideband (LSB) components like 2f1-f2. 
DPOAEs were recorded in several mouse mutants with varying degrees of hearing loss associated with structural changes 
to the tectorial membrane (TM), or with loss of outer hair cell (OHC) somatic electromotility due to lack of prestin or to the 
expression of a non-functional prestin. In mice with changes in sensitivity, magnitude reductions were observed for 2f1-f2 
relative to controls with mice lacking prestin showing the greatest changes. In contrast, 2f2-f1 was minimally affected by 
reductions in cochlear gain due to changes in the TM or by the loss of OHC somatic electromotility. In addition, TM mutants 
with spontaneous otoacoustic emissions (SOAEs) generated larger responses than controls at 2f2-f1 when its frequency was 
similar to that for the SOAEs. Although cochlear pathologies appear to affect USB and LSB DPOAEs in different ways, 
both 2f1-f2 and 2f2-f1 reflect nonlinearities associated with the transducer channels. However, in mice, the component at 
2f2-f1 does not appear to receive enhancement due to prestin’s motor action.
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Introduction

Otoacoustic emissions are clinically important as they 
serve to separate cochlear from retro-cochlear disorders. 
Hence, they can assist in the differential diagnosis of sen-
sory changes associated with the active processes linked to 
outer hair cells (OHCs). Given the original suggestion [1] 
that distortion product otoacoustic emissions (DPOAEs) can 
consist of a combination of two emission sources, as well 
as the controversy over how they travel to the ear canal [2], 
analysis of DPOAEs in mutants with different pathologies 
is warranted. In addition to mice lacking prestin or express-
ing a nonfunctional prestin, mice with genetic deletions 

or mutations affecting the tectorial membrane (TM) were 
studied. Previous work in rabbits exposed to noise showed 
increases at 2f2-f1 even when 2f1-f2 decreased [3]. This 
differential sensitivity to insult prompted the comparison 
of upper sideband (USB, 2f2-f1) and lower sideband (LSB, 
2f1-f2) DPOAEs in mouse models with varying degrees of 
hearing loss.

High levels of prestin protein are expressed in the 
OHC’s lateral membrane, providing the molecular basis 
for somatic electromotility [4]. Animals lacking prestin 
or expressing non-functional prestin [5], have an approxi-
mately 50 dB threshold shift [6] and broad tuning [7], 
similar to changes created by loss of OHCs [8–10] or 
by detachment of the TM from the organ of Corti [11]. 
However, at high stimulus levels, prestin knockout (KO) 
mice generate DPOAEs [12] that disappear post mortem. 
The latter are thought to reflect operation of the mecha-
noelectrical transducer (MET) channels associated with 
hair bundle mechanical properties [13]. In contrast to mice 
lacking prestin, TM mouse models of hereditary deafness 
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can retain near-normal hearing when young or can show 
varying degrees of hearing loss. In addition, these mutants 
are likely to generate spontaneous emissions (SOAEs) 
when threshold shifts are less than ~ 25 dB SPL [14]. This 
phenotype is unusual as normal mice and several other 
laboratory animals are rarely spontaneous emitters.

The TM is an extracellular component of the cochlea 
required for normal hearing [15]. It contains collagen 
fibrils embedded in a laminated, striated sheet matrix com-
posed of TECTA, TECTB and CEACAM16. In contrast to 
mice lacking Tecta and Tectb, auditory brainstem responses 
(ABRs) and distortion production otoacoustic emissions 
are near normal in young Ceacam16 null mutants on the 
C57BL6 background [16]. In this mouse model, the stri-
ated sheet matrix fails to form and approximately 70% of 
the mutants generate SOAEs compared to wildtype (WT) 
mice where approximately 6% are spontaneous emitters. 
Additional experiments revealed that mice heterozygous 
for a missense mutation in Tecta (TectaY1870C+/−) also pro-
duced SOAEs even though they had hearing loss [17]. In 
these animals, Kimura’s membrane becomes delaminated 
in basal regions of the cochlea and the subtectorial space 
increases [18]. The latter change is thought to elevate the 
ABRs to a greater degree than the emissions associated 
with OHC function. Hence, the ABR threshold shifts 
were ~ 50 dB SPL across frequency [17, 18]. Finally, in 
mice lacking Tectb, large reductions in sensitivity were 
observed for frequencies below ~ 25  kHz. However, at 
higher frequencies, the DPOAE thresholds were shifted 
by only about 15 dB SPL. In this mouse model, the stri-
ated sheet matrix does not develop, and the thickness and 
cross-sectional area of the TM increases dramatically in the 
apical half of the cochlea where large threshold shifts are 
recorded [19]. Although these mutants generate SOAEs, 
the incidence is only slightly higher than in controls and 
SOAE frequencies coincide with high-frequency regions 
where some degree of amplification is retained [14].

Threshold shifts were determined in these various mouse 
models for cubic intermodulation-distortion (IMD) compo-
nents below f1 at 2f1-f2 and above f2 at 2f2-f1 to assay the 
degree to which the loss of sensitivity affected LSB and 
USB DPOAEs. Measurements from prestin knockout (KO, 
Slc26a5−/−) and 499 prestin knockin (KI, Slc26a5V499G/Y501H) 
[5] mice, as well as recordings from various mutants with 
TM defects (Ceacam16−/−, TectaY1870C+/−, Tectb−/−), were 
compared to those from WT controls. The data demonstrate 
that 2f2-f1 is much smaller than 2f1-f2 in WT controls. In 
mouse mutants with partial loss of gain, and even in mice 
lacking prestin, the DPOAE at 2f2-f1 is comparable to con-
trols. Finally, in TM mutants producing SOAEs, DPOAEs 
at 2f2-f1 can be enhanced relative to controls when their 
frequencies are similar to those for the SOAEs.

Materials and Methods

Animals were bred on site and data were acquired for 
both male and female mice on a C57BL6 (Ceacam16) 
or a mixed, variable 129/C57BL6 background. All pro-
cedures were approved by the Institutional Animal Care 
and Use Committee at Northwestern University, as well 
as by NIDCD.

Otoacoustic emissions (OAEs) were acquired under 
general anaesthesia (100 mg/kg ketamine and 10 mg/kg 
xylazine) in a sound isolation chamber using a custom 
probe designed and fabricated by J.H. Siegel. Results were 
acquired using SysRes [20] and EMAV [21], and with a 
Card Deluxe 24-bit sound card and a sampling rate of 
96 kHz. Young mice (3–11 weeks of age) lacking prestin 
or expressing a non-functional mutated prestin, as well as 
mice with deletions or mutations in genes that affect the TM, 
were tested using DPOAEs to estimate changes in cochlear 
gain. Magnitudes of 2f1-f2 (LSB) and 2f2-f1 (USB) were 
compared to evaluate the effect of hearing loss on these two 
intermodulation distortion products in mutants with and 
without SOAEs. Both iso-input and input-output or growth 
functions were collected at various f2 frequencies. The level 
of f1 that produced a 2f1-f2 or a 2f2-f1 of 0 dB SPL was 
designated as threshold. It is also emphasized that the fre-
quency ratio, f2/f1, was 1.2 for all measurements. Distor-
tion in the sound was documented using a tubing coupler 
with a volume approximating that of the mouse ear canal 
with emission probe inserted. These results are referred to as 
coupler measurements and included in plots of the DPOAE 
input-output functions. Spectral averaging in the absence of 
stimulation was used to acquire SOAEs. A fast Fourier trans-
form of the time waveform was performed and smoothed 
before integrating energy into windows of 93 Hz. It is also 
acknowledged that other stimulus paradigms, such as using 
a variable frequency ratio, might have provided additional 
insights into the differences between IMD products above 
and below the primaries. However, the observations were 
acquired over many years for various mouse models using 
our standard testing procedures. In addition, phase data are 
not available for any of the measurements.

Statistical analyses were performed in GraphPad Prism 
(San Diego CA) where a one-way analysis of variance 
(ANOVA) was executed followed by Tukey’s multiple 
comparisons tests to obtain adjusted p-values. Tukey’s was 
chosen when multiple data sets, mutants with and with-
out SOAEs, were compared with a single control variable, 
the WT data. There were conditions, however, where only 
two data groups were compared and in these instances the 
Student’s t-test (two-tailed distribution) was utilized, i.e., 
in Fig. 1 for the 70 dB SPL condition, and in Table 1 and 
Fig. 8 for the DPOAE thresholds obtained in mice lacking 



415DPOAEs above and below the primaries

1 3

Ceacam16 and their controls. Asterisks are used in the fig-
ures to designate statistical significance and the legends 
describe the statistical tests involved. Variability was des-
ignated using standard errors of the mean (SEM) for the 

DPOAE data and standard deviations (SD) for the SOAE 
frequencies, except for Tectb−/− where the full range of 
SOAE frequencies is provided. Methodological details are 
specified in previous publications [16, 17].

Fig. 1  Iso-input functions for 
adolescent Ceacam16−/− mice 
and their controls. Average 
DPOAE magnitudes (± SEM) 
for 2f1-f2 (panel a) are plotted 
as a function of the f2 fre-
quency. The two primaries were 
presented at L1 = L2 = 70 dB 
SPL (solid lines) or at L1 = 50 
L2 = 35 dB SPL (broken lines). 
WT data are black, those for 
the mutants are red. Mutants 
generating SOAEs are plotted 
with dashed lines (n = 30) 
for the DP gram obtained at 
L1 = 50 L2 = 35 dB SPL. Data 
for mutants without SOAEs 
are plotted with dot-dashed 
lines (n = 22). Responses for 
the LSB DPOAE at 2f1-f2 
were not statistically different 
for WT and Ceacam16−/− with 
SOAEs. However, mice lacking 
Ceacam16 and lacking SOAEs 
were statistically different 
from WT at the f2 frequen-
cies indicated by the asterisks 
(p < 0.03). The statistical 
analysis was performed using 
ANOVA followed by Tukey’s 
multiple comparisons tests to 
obtain adjusted p values for 
each individual primary pair. 
For iso-input functions col-
lected at L1 = L2 = 70 dB SPL, 
SOAEs were documented in 
only 5 of the 19 mice lacking 
Ceacam16. Of the other 14 
animals, some were probably 
not spontaneous emitters as no 
search was made for SOAEs 
and only 70% of Ceacam16−/− 
mice have SOAEs. In panel b, 
average magnitudes (± SEM) 
for the DPOAE at 2f2-f1 
(L1 = L2 = 70 dB SPL) are plot-
ted at the f2 frequency. In panel 
c, 2f2-f1 is replotted as a func-
tion of the DPOAE frequency, 
i.e., at 2f2-f1. The average 
(± SD) SOAE frequency is 
designated along the abscissa by 
the horizontal arrow. Asterisks 
in panel c indicate statistical 
significance (Student’s t-test, 
p < 0.02)
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Results

Ceacam16−/− Mice

DPOAE iso-input functions demonstrate that young mice 
lacking Ceacam16 retain near-normal hearing consist-
ent with their WT-like ABR thresholds [16]. Our previ-
ous data also indicated that 70% of null mutants generate 
SOAEs with an average frequency (± SD) of 23.8 ± 3.7 kHz. 
Although only about 6% of WT controls independent of 
strain background are spontaneous emitters, their SOAEs 
present in a similar frequency region (average SOAE fre-
quency ± SD = 22.6 ± 3.8 kHz). Figure 1a shows iso-input 

functions or DP grams for L1 = L2 = 70 dB SPL (solid lines) 
and for L1 = 50 L2 = 35 dB SPL (broken lines). It is empha-
sized that only 5 of 19 mice were tested for SOAEs when 
the DP grams were collected at 70 dB SPL. No search for 

Fig. 2  Iso-input functions for 
Ceacam16−/− mice and their 
controls at ~ 7 months of age. 
Average (± SEM) DPOAE mag-
nitudes are plotted as a function 
of f2 for 2f1-f2 in panel a and 
for 2f2-f1 in panel b. Primaries 
were presented at 70 dB SPL. 
At this age, these seven mutants 
did not generate SOAEs and the 
magnitudes for both USB and 
LSB emissions were reduced 
relative to controls

Fig. 3  Iso-input functions for TectaY1870C+/− mice and their controls. 
Data for 2f1-f2 are plotted as a function of the f2 frequency in panel 
a. Mutants with SOAEs (green solid lines) produce larger responses 
than mutants without SOAEs (green dashed lines). The DPOAE 
at 2f2-f1 is plotted as a function of the f2 frequency in panel b and 
shows larger responses in mutants with SOAEs. In panel c, 2f2-f1 
is replotted as a function of the DPOAE frequency. The horizontal 
bar above the abscissa indicates the average SOAE frequency ± SD 
(15.4 ± 7.0 kHz)

◂
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SOAEs was made for the other 14 mutants as the pheno-
type had not yet been discovered. Although some of the 14 
Ceacam16−/− mice likely had SOAEs, it is not known which 
ones they were. In contrast, DP grams at the lower level 
were collected for 31 mutants with SOAEs and 22 mutants 
without SOAEs. At this lower stimulus level, no statistically 
significant differences were found between mice lacking 
Ceacam16 and their controls but only for mutants generating 
SOAEs (dashed lines). Ceacam16−/− mice lacking SOAEs 
(dot-dashed lines) had smaller responses at 2f1-f2 for the DP 
gram collected at L1 = 50 L2 = 35 dB SPL when compared 
to WT. The functions in Fig. 1b show 2f2-f1 plotted at f2 
when L1=L2= 70 dB SPL. To better compare WT (black) 
and mutant (red), the USB data are replotted in panel c at 
the DPOAE frequency, i.e., at 2f2-f1. Average SOAE fre-
quency (± SD) for Ceacam16−/− mice is shown along the 
abscissa using the horizontal arrow. The results indicate 
that Ceacam16−/− mice produced larger DPOAEs at 2f2-f1 
than WT, but only in the frequency region where SOAEs 
were also observed. Asterisks in Fig. 1c indicate that the 
DPOAEs at 2f2-f1 were statistically larger in mutants (n = 19, 
p < 0.02). The correlation between SOAEs and the enhanced 
responses at 2f2-f1 is consistent with data collected on older 
Ceacam16−/− mice at ~ 7 months of age when SOAEs are rare 
[22]. In Fig. 2a, the DPOAEs at 2f1-f2 were smaller in knock-
outs lacking SOAEs at ~ 7 months of age. In contrast to ado-
lescent KOs, the DPOAEs at 2f2-f1 were smaller than those in 
controls (Fig. 2b). In other words, older Ceacam16−/− without 
SOAEs did not produce larger magnitudes at 2f2-f1 than WT 
mice. By one year of age null mutants produce no emissions 
of any kind [22].

TectaY1870C+/− Mice

Iso-input functions at 70 dB SPL were also collected for 
heterozygous mice with a missense mutation in Tecta, 
TectaY1870C. Results indicate that 63% of these mutants gen-
erate SOAEs when they express only one copy of the mutated 
gene [17]. In contrast to young mice lacking Ceacam16, 
TectaY1870C heterozygotes with SOAEs (green solid lines) had 

reduced DPOAEs at 2f1-f2 (Fig. 3a). Mutants lacking SOAEs 
(green dashed lines) had even smaller responses. In contrast, 
the responses at 2f2-f1 in mutants with SOAEs (Fig. 3b, c) 
were comparable to WT. Data in panel c demonstrate that 
2f2-f1 in mutants with SOAEs can exceed that in controls but 
only in the frequency region where SOAEs were recorded. 
The horizontal bar above the abscissa shows the average 
SOAE frequency ± SD (15.4 ± 7.0 kHz). Although mutants 
with SOAEs were not statistically different from controls, the 
increases at 2f2-f1 in heterozygous mice with SOAEs (green 
solid lines) approached statistical significance (p = 0.11) at 
f2 = 13.5 kHz and where 2f2-f1 = 15.8 kHz.

DPOAE input-output functions are plotted in Fig. 4. Pan-
els a and b show data for f2 = 12 kHz; panels c and d for 
f2 = 27 kHz. For heterozygotes with SOAEs (green solid 
lines), the average threshold shift was 22 dB SPL for the 
LSB component at 2f1-f2 = 8 kHz (Fig. 4a). Mutants with-
out SOAEs (green dashed lines) had larger threshold shifts 
and failed to generate SOAEs. For input-output functions 
collected at 2f2-f1 = 14 kHz, the USB DPOAE, the average 
threshold in mutants with SOAEs was statistically lower than 
WT (see Table 1), and the responses exceeded those in con-
trols as level increased (Fig. 4b). For f1 levels (L1) between 
70 and 80 dB SPL, responses for the USB DPOAE at 2f2-
f1 were statistically larger than WT (p < 0.02). For mutants 
lacking SOAEs, the responses were smaller than WT at all 
levels. At f2 = 27 kHz, DPOAEs in controls exceeded those 
in all mutants for both 2f1-f2 = 18 kHz (Fig. 4c) and 2f2-
f1 = 31.5 kHz (Fig. 4d). In TectaY1870C+/− with SOAEs, the 
LSB component at 2f1-f2 was shifted to the left by 28.5 dB 
relative to controls. In this high-frequency region, no SOAEs 
were observed and DPOAEs were reduced relative to con-
trols for emissions both above and below the primaries. 
As observed in Fig. 3, larger reductions were recorded in 
TectaY1870C+/− lacking SOAEs (green dashed lines).

Tectb−/− Mice

As reported previously [19], mice lacking Tectb showed a 
large reduction in 2f1-f2 at low f2 frequencies where the 
thickness of the TM increases. However, at high f2 frequen-
cies, the magnitudes at 2f1-f2 were commensurate with those 
in controls at 70 dB SPL. It is in this high-frequency region 
that mice lacking Tectb produced SOAEs although the inci-
dence was only 17%. Average DPOAEs at 2f1-f2 (Fig. 5a) and  
2f2-f1 (Fig. 5b) were plotted at f2 for Tectb−/− with SOAEs 
(n = 6, solid blue lines) and without SOAEs (n = 27, blue 
dashed lines). In general, mice lacking Tectb had reduced 
DPOAEs at 2f1-f2 for f2 frequencies below 30 kHz. The red 
traces show responses from the two Tectb−/− mice with the 
largest SOAEs. In Fig. 5c, 2f2-f1 is plotted at the DPOAE 
frequency and the full range of SOAE frequencies is repre-
sented by the horizontal arrow along the abscissa (average 

Fig. 4  Input-output functions for TectaY1870C+/− mice and their con-
trols. Growth functions are provided for 2f1-f2 (panels a and c) and 
for 2f2-f1 (panels b and d), and for f2 = 12  kHz (panels a and b) 
and for f2-27  kHz (panels c and d). The horizontal line designates 
DPOAE threshold, i.e., the level of f1 (L1) that generates a DPOAE 
of 0  dB SPL. Distortion in the sound is indicated by the coupler 
measurements plotted in gray. The average threshold shift between 
WT and heterozygotes with SOAEs is represented by the horizontal 
arrow in panels a and c for 2f1-f2. Data for the mutants are in green; 
those for controls in black. Results for mutants without SOAEs are 
plotted with dashed lines. Asterisks in panel b indicate statistical sig-
nificance (p < 0.02, ANOVA followed by the Tukey’s multiple com-
parisons tests). In other words, TectaY1870C+/− mice with SOAEs gen-
erate larger responses than controls at 2f2-f1 when f2 = 12 kHz

◂
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SOAE frequency = 31.5 kHz). In this region, 2f2-f1 can 
be larger in spontaneously emitting mutants, especially in 
Tectb−/− mice with prominent SOAEs. The asterisk indicates 
that Tectb−/− mice with SOAEs generate larger responses 
for the USB DPOAE at 2f2-f1 than do their controls when 
f2 = 27 kHz (p = 0.02).

Input-output functions are also provided in Fig. 6 for 
f2 = 27  kHz where 2f1-f2 = 18  kHz (panel a) and 2f2-
f1 = 31.5 kHz (panel b). Even though reductions are observed 
in Tectb−/− at 2f1-f2, the average magnitudes of USB emis-
sions at 2f2-f1 in mutants with SOAEs can exceed those in 
controls. Although not shown, there was no enhancement of 
2f2-f1 in Tectb−/− when f2 = 32 kHz and 2f2-f1 = 37.3 kHz. 
Hence, the USB DPOAE can be larger in mutants, but only 
when they generate SOAEs and only when the frequency of 
the distortion product is similar to the frequency of the SOAE. 
Responses at 2f2-f1 were statistically larger in knockouts with 
versus without SOAEs as shown by the asterisks (p < 0.02). 
Although Tectb−/− with SOAEs were not statistically dif-
ferent from WT, the difference approached significance at 
L1 = 80 dB SPL where the adjusted p value was 0.07.

It is also acknowledged that mice lacking Tectb have 
frequency dependent ABR threshold shifts that are simi-
lar to those for the DPOAEs. In WT controls, the aver-
age ABR threshold (± SD) was 18.7 ± 3.4 dB at 12 kHz 
(n = 7), 22.3 ± 5.6 dB at 27 kHz (n = 6), and 27.9 ± 6.0 dB 
at 32 kHz (n = 10). In contrast, the average ABR thresh-
old in Tectb−/− mice was 64.9 ± 7.3 dB at 12 kHz (n = 17), 
39.0 ± 6.1 dB at 27 kHz (n = 17) and 41.8 ± 13.7 dB at 
32 kHz (n = 13). Hence, threshold shifts for mice lacking 
Tectb and their controls were 46.2 dB at 12 kHz, 16.7 dB at 
27 kHz and 13.9 dB at 32 kHz. The larger changes in sensi-
tivity at the lower frequencies are consistent with previous 
measurements and with the increase in area of the TM in 
apical regions of the cochlea [19].

Mice Lacking Somatic Electromotility

DPOAE input-output functions at f2 = 12  kHz were 
acquired in mice lacking prestin and are plotted in Fig. 7 as 
a function of the level of f1 (L1) where the level of f2 (L2) 

was 10 dB lower than that of f1. Loss of prestin reduces 
2f1-f2 (magenta solid line) but the responses at 2f2-f1 
(magenta dashed line) are WT-like (black). Similar results 
were obtained for knockin mice expressing a nonfunc-
tional prestin but are not plotted for clarity. These results, 
however, are included in Table 1 (see Slc26a5V499G/Y499H). 
Prestin KO (Slc26a5−/−) mice show a threshold shift of 
32 dB SPL at 2f1-f2 (LSB KO-WT), but the difference is 
less than 5 dB SPL at 2f2-f1 (dashed lines). Data from WT 
controls (black) indicate that the USB component at 2f2-f1 
is amplified much less that 2f1-f2. It is also apparent that 
the input-output function for 2f1-f2 in the controls shows 
cochlear compression, which is not obvious for 2f2-f1 or 
for the results obtained in mice lacking somatic electromo-
tility. This observation is consistent with passive nonlin-
ear processes, i.e., lack of amplification. In WT mice, the 
average threshold at 2f2-f1 is 37 dB higher than for 2f1-f2 
(WT USB-LSB), i.e., 2f2-f1 is much smaller than 2f1-f2 in 
controls. Hence, the lack of prestin has a minimal effect on 
the USB component at 2f2-f1. Independent of genotype, all 
responses tend to converge at high stimulus levels. Previous 
publications on prestin mouse models lacking somatic elec-
tromotility have also documented large threshold shifts for 
auditory brainstem responses and compound action poten-
tials [5–7]. The reductions in sensitivity are consistent with 
those for the DPOAEs.

Thresholds for USB and LSB DPOAEs

Average DPOAE threshold shifts for all mutants and their 
controls were obtained using input-output functions and 
when the level of f1 exceeded the level of f2 by 10 dB SPL. 
These results are provided in Table 1 for f2 = 12 kHz and 
f2 = 27 kHz. In WT mice, thresholds at 2f2-f1 are 30–40 dB 
higher than at 2f1-f2. This difference in threshold for USB 
versus LSB emissions is similar to the threshold shift for 
2f1-f2 in Slc26a5−/− (prestin KO) mice at f2 = 12  kHz 
(32 dB SPL). Data are also provided for DPOAEs acquired 
in mice expressing a mutant form of prestin that is nonfunc-
tional in vivo. This latter mouse model was required because 
OHCs lacking prestin are short and flaccid, which by itself 
could result in loss of cochlear amplification. Hence, 499 
prestin knockin (Slc26a5V499G/Y499H) mice were developed. 
In these mutants, where OHCs are normal in length and 
stiffness, large threshold shifts were recorded at 2f1-f2 simi-
lar to mice lacking prestin [5, 23]. Because the input-output 
functions for 499 prestin KIs collected at f2 = 12 kHz were 
virtually identical to those collected in prestin KOs, they 
were not included in Fig. 7. Data tabulated in Table 1 indi-
cate loss of gain in mice lacking electromotility, or partial 
loss of gain in TM mutants, increases thresholds for 2f1-
f2, while thresholds for 2f2-f1 remain relatively stable and 
wildtype-like. Even though thresholds in TM mutants at 

Fig. 5  Iso-input functions for Tectb−/− mice and their controls. The 
blue solid lines show results for Tectb−/− knockouts with SOAEs 
(n = 6), while the blue dashed lines show magnitudes for mutants 
without SOAEs (n = 27). The two mice lacking Tectb that produced 
the largest SOAEs are shown in red. In contrast to previous figures, 
the full range of SOAE frequencies is represented along the abscissa 
with the horizontal arrow in panel c. When the USB DPOAE at 
2f2-f1 is plotted at the DPOAE frequency, the responses in knock-
outs with SOAEs exceeded those in controls. The asterisk indicates 
a significant increase in the USB distortion product when 2f2-
f1 = 31.5  kHz, the average SOAE frequency. The adjusted p value, 
0.02, was obtained using ANOVA followed by Tukey’s multiple com-
parisons tests

◂
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2f1-f2 are better than in the prestin mutants, those at 2f2-
f1 are similar to mice lacking somatic electromotility and 
to the controls. It is also emphasized that WT thresholds 
at 27 kHz are higher than at 12 kHz by ~ 8 dB. Hence, the 
change due to mutation is ~ 30 dB for 2f2-f1 and 40 dB at 
2f1-f2. However, if one compensates for the 8 dB, then 2f2-
f1 is shifted ~ 40 dB at both f2 frequencies. Although 2f2-f1 
was larger in Tectb−/− and TectaY1870C+/− mice (positive num-
bers in Table 1), the increase was statistically greater than 
in controls for only the TectaY1870C heterozygotes (adjusted 
p value was 0.006).

Results provided in Table 1 are also represented as bar 
graphs in Fig. 8 using the same color code as in previous 
figures. Panel a provides average DPOAE threshold shifts re: 
WT for 2f1-f2 when f2 = 12 kHz. In the lower panel b, data 
are plotted for 2f2-f1. Results on the right show threshold 
shifts for f2 = 27 kHz with data for 2f1-f2 in the top panel c 
and for 2f2-f1 in the bottom panel d. Input-output functions 
were only collected at f2 = 12 kHz in the prestin mutants. 
Ceacam16 mutants (n = 19) are near normal. In contrast, 

larger threshold shifts were observed in the other mutants at 
2f1-f2 (top panels). By comparison, threshold shifts for the 
USB at 2f2-f1 were relatively small. In fact, the threshold 
for 2f2-f1 when f2 = 12 kHz (panel c) was statistically lower 
in TectaY1870C heterozygotes than in controls.

Discussion

In WT mice, the USB DPOAE at 2f2-f1 is much smaller 
than the LSB DPOAE at 2f1-f2. Although 2f2-f1 is also 
smaller in humans [24, 25], the relative differences are larger 
in mice. These distinctions between mice and humans are 
not unexpected given the differences in their audiograms 
and the fact that mechanical filtering and cochlear rough-
ness are likely species dependent. Data from TM mutants 
also indicate that partial loss of gain reduces 2f1-f2, but 
2f2-f1 remains WT-like. In mutants with SOAEs, the USB 
DPOAEs can be even larger than in controls. Enhanced 
responses at 2f2-f1 in TM mutants with SOAEs suggest 

Fig. 6  Input-output functions at f2 = 27  kHz for mice lacking Tectb 
and their controls. Panel a shows magnitude for 2f1-f2 = 18  kHz, 
while panel b shows 2f2-f1 = 31.5 kHz. Data are provided for the WT 
controls (black), for mutants with SOAEs (blue solid lines, n = 6), 
for mutants without SOAEs (blue dashed lines, n = 18) and for the 

two mutants with the largest SOAEs (red traces). Coupler distortion 
is plotted in gray. Asterisks indicate that Tectb−/− with SOAEs had 
larger DPOAEs at 2f2-f1 than Tectb−/− without SOAEs (p < 0.02, 
ANOVA followed by Tukey’s multiple comparisons tests)
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the possibility that rabbits with larger 2f2-f1 after noise 
exposure [3] may have developed SOAEs, as previously 
reported for chinchillas [26]. In mice lacking prestin, 2f1-f2 
is reduced by up to 50 dB [12], but 2f2-f1 is similar to con-
trols [27]. Hence, loss of somatic electromotility in prestin 
mutants produces minimal changes in the USB DPOAE that 
are not statistically different from controls.

It should also be understood that emissions can only be 
generated if cochlear amplification is operational to some 
degree [28]. The fact that mice lacking somatic electromotil-
ity produce DPOAEs indicates that mechanical nonlineari-
ties associated with the stereocilia are the likely source of 
this distortion [12, 13] and that the mechanoelectrical trans-
ducer channels are operational, as verified experimentally in 
prestin mutants [5, 29]. TectaY1870C heterozygotes [18] and 
Tectb knockouts [19] also produce a normal CM, which is 

a gross reflection of hair cell receptor currents. Although 
the CM and/or mechanoelectrical transducer currents have 
not been measured for mice lacking Ceacam16, these ani-
mals have WT-like DPOAEs and ABRs when young, which 
implies that transducer function is normal as well. The fact 
that generation of cubic intermodulation distortion relates 
to nonlinear hair-bundle mechanics is consistent with a dis-
tortion component analysis of the OHC’s motility-related 
gating charge showing that prestin’s motor action is weakly 
nonlinear and quadratic in nature [30, 31]. Although elec-
tromotility can make cochlear distortion products and emis-
sions larger, it is unlikely to be their source. The latter is 
dominated by a nonlinear mechanoelectrical transduction 
process [12, 13]. Hence, the LSB DPOAE at 2f1-f2 is asso-
ciated with a nonlinear transducer current and receives 
enhancement due to prestin’s motor activity. The fact that 

Fig. 7  Input-output functions 
at f2 = 12 kHz for mice lacking 
prestin (Slc26a5−/−, magenta) 
and their controls (black). The 
data for 2f1-f2 are plotted with 
solid lines, those for 2f2-f1 with 
dashed lines. Coupler values are 
in gray. The horizontal magenta 
arrow indicates that loss of pres-
tin reduces 2f1-f2 by 32 dB SPL 
(LSB KO-WT). The horizontal 
black arrow shows a 37 dB 
difference in threshold between 
2f1-f2 and 2f2-f1 (USB-LSB) in 
WT controls



424 M. A. Cheatham

1 3

the USB DPOAE at 2f2-f1 is similar in mice lacking prestin 
and their controls suggests that this component is associated 
with nonlinear hair bundle mechanics but is not amplified 
by somatic electromotility.

Because IMD products with frequencies greater than 
the primaries do not propagate basally [32–34], Brown and 
Kemp [35] suggested that 2f2-f1 was generated basal to its 
DP place, allowing it to then propagate apically and to be 
amplified. In fact, Kemp [36] referred to wave-fixed versus 
place-fixed mechanisms of emission generation. Wave-fixed 
sources were those in the region of overlap between the two 
stimulating primaries, while place-fixed sources were those 
located at the best frequency (BF) of the distortion product. 
In this latter case, IMD components were generated in the 
region of overlap and then propagated apically to their BF or 
DP place along the cochlear partition. Somewhat later, Shera 
and Guinan [37] used the terms distortion (wave-fixed) ver-
sus linear-reflection (place-fixed) emissions, respectively. 
Because of the relatively high levels of stimulation required 
to record 2f2-f1 from the mouse ear canal, these distinc-
tions are complicated. At 70 dB SPL, the excitation pat-
terns for the primaries are broad, with peaks closer to the 

base than the BF locations for f1 and f2. Given that the dis-
tortion region is likely to include the reflection site at the 
2f2-f1 place, one cannot assume that 2f2-f1 is necessarily 
“reflected” from the DP place [38].

The influence of stimulus parameters has been investi-
gated in modeling studies of 2f2-f1 [39, 40]. At high levels, 
and with a frequency ratio of 1.2, the canal pressure is domi-
nated by IMD generated in the region of overlap between 
the two primaries, and primarily by OHC generators with 
BFs between f2 and the 2f2-f1 frequency. This region was 
also proposed as the source for 2f2-f1 in rabbits [41], where 
reflection components could not be measured by placing a 
suppressor or interference tone near the DP place. Targeted 
inducement of temporary threshold shifts also demonstrated 
that 2f2-f1 was generated basal to f2 [42].

Data in Table 1 indicate that thresholds for the DPOAE 
at 2f1-f2 are ~ 35 dB SPL in controls. In contrast, the thresh-
olds at 2f2-f1 are 70–75 dB SPL. When using a relatively 
large frequency ratio, such as f2/f1 = 1.2, the LSB DPOAE at 
2f1-f2 appears to be associated with distortion sources in the 
region of overlap between the primaries in both human sub-
jects [38, 43] and laboratory animals [42, 44, 45]. Cochlear 

Table 1  DPOAE thresholds for all mutants and their controls (*p < 0.02)

This table summarizes the average thresholds (± SD) obtained in TM mutants lacking Ceacam16, lacking Tectb, as well as mice heterozygous for 
a missense mutation in Tecta (TectaY1870C+/−). Results are also provided for mice lacking prestin (Slc26a5−/−) or expressing non-functional 499 
prestin (Slc26a5V499G/Y499H). Except for the prestin mutants, thresholds are tabulated for f2 = 12 kHz and f2 = 27 kHz. Positive numbers (red) indi-
cate that the mutant is better than WT. It is also emphasized that the group of mice lacking Ceacam16 was composed of animals with and without 
SOAEs. Asterisks indicate statistical significance. The p values, independent of whether they were obtained using the Student’s t-test (Ceacam16 
only) or ANOVA followed by Tukey’s multiple comparisons tests, were less than 0.02 when mutants were compared with WT controls
The asterisks indicate statistical significance

Mouse Model f2 = 12 kHz 2f1-f2 f2 = 12 kHz 2f2-f1 f2 = 27 kHz 2f1-f2 f2 = 27 kHz 2f2-f1

Ceacam16 WT 37.0 ± 2.9 n = 19 78.2 ± 5.8 n = 19 45.0 ± 5.1 n = 11 75.9 ± 7.2 n = 11
Ceacam16−/− 39.5 ± 4.3 n = 19 77.6 ± 6.4 n = 19 47.3 ± 5.6 n = 15 77.2 ± 10.1 n = 15
WT-Ceacam16−/− -2.5  + 0.6 -2.3 -1.3
WT (2f1-f2)-(2f2-f1) -41.2 -30.9
Tectb WT 34.3 ± 2.2 n = 13 73.6 ± 5.0 n = 13 42.2 ± 4.5 n = 13 73.8 ± 6.1 n = 13
Tectb−/− SOAE 76.7 ± 3.7 n = 6* 85.4 ± 5.5 n = 6* 59.5 ± 7.0 n = 6* 69.4 ± 8.0 n = 6
Tectb−/− no SOAE 76.2 ± 2.7 n = 18* 83.9 ± 5.1 n = 18* 59.1 ± 4.9 n = 18* 76.7 ± 8.4 n = 18
WT-Tectb−/− SOAE -42.4 -11.8 -17.3  + 4.4
WT (2f1-f2)-(2f2-f1) -39.3 -31.6
TectaY1870C WT 37.5 ± 3.3 n = 16 75.3 ± 6.6 n = 16 45.4 ± 6.8 n = 11 74.4 ± 7.0 n = 11
TectaY1870C+/− SOAE 59.5 ± 6.4 n = 23* 68.3 ± 7.0 n = 23* 73.9 ± 8.1 n = 22* 81.9 ± 6.9 n = 22*
TectaY1870C+/− no SOAE 69.3 ± 7.7 n = 12* 81.5 ± 5.8 n = 12 78.4 ± 6.6 n = 11* 85.9 ± 6.1 n = 11*
WT-TectaY1870C+/− SOAE -22.0  + 7.0* -28.5 -7.5
WT (2f1-f2)-(2f2-f1) -37.8 -29.0
Slc26a5 WT 34.5 ± 0.8 n = 7 72.0 ± 4.3 n = 7
Slc26a5−/− 66.8 ± 1.6 n = 12* 74.8 ± 3.3 n = 12
Slc26a5V499G/Y501H 64.8 ± 2.1 n = 9* 75.9 ± 3.1 n = 9
WT- Slc26a5−/− -32.3 -2.8
WT- Slc26a5V499G/Y501H -30.3 -3.9
WT (2f1-f2)-(2f2-f1) -37.5
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models [40, 46] also indicate that 2f1-f2 originates from 
distortion sources near f2, while 2f2-f1 is associated with 
more basal generators between f2 and the DP place. These 
predictions are consistent with work indicating that indi-
vidual cubic distortion components may relate to different 
locations along the cochlear partition [42]. The possibility 
that distortion, due to the overlapping excitation patterns 
of the two primaries, could dominate both USB and LSB 
emissions in mice may relate to the knowledge that waves 
associated with reflection sites are especially vulnerable to 
rapid extinction [40]. In addition, stimulus levels greater 
than ~ 45 dB SPL are predicted to increase contributions 
from nonlinear sources to the DPOAE at 2f2-f1 [47].

Data in TM mutants with SOAEs also indicate that 2f2-f1 
can be larger than in controls when the frequency of the dis-
tortion product coincides with the frequency region generat-
ing SOAEs. It is notable, however, that larger magnitudes 
at 2f1-f2 were not observed. This observation is consistent 
with evidence showing that the ear canal pressure primarily 
reflects outputs from OHCs located in the region of over-
lap between the two stimulating primaries, especially when 
presented at moderate levels and for f2/f1 = 1.2 as in this 
report [38, 48–50]. When f1 = 29.7 kHz and f2 = 35.6 kHz, 
2f1-f2 = 23.8 kHz, which is similar to the average SOAE 
frequency in mice lacking Ceacam16. For these stimulus 
conditions, increased magnitudes were not recorded for the 

Fig. 8  Threshold shifts for 
upper and lower side band 
DPOAEs are plotted as bar 
graphs using data in Table 1. 
For each mutant, thresholds 
were normalized relative to 
WT to highlight the differences 
between mouse models. Each 
panel is devoted to a single f2 
frequency and to either the LSB 
or the USB distortion product. 
Panels a and c show results 
for f2 = 12 kHz; panels b and 
d for f2 = 27 kHz. Relative 
thresholds for 2f1-f2 (LSB) are 
plotted in panels a and b; for 
2f2-f1 (USB) in panels c and d. 
Asterisks indicate statistical sig-
nificance (p < 0.02, ANOVA fol-
lowed by Tukey’s multiple com-
parisons tests). For the Tecta 
and Tectb mutants, the threshold 
shifts are between mutants with 
SOAEs and their controls. For 
mice lacking Ceacam16, the 
mutants included mice with and 
without SOAEs
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LSB DPOAE at 2f1-f2, i.e., there were no statistically signif-
icant differences in the average DP grams of controls versus 
mice lacking Ceacam16 at either L1 = L2 = 70 dB SPL or at 
L1 = 50 L2 = 35 dB SPL (Fig. 1a). This observation implies 
that the emission at 2f1-f2 was not dominated by contribu-
tions from the more apical DP place. The absence of changes 
in 2f1-f2 also suggests that SOAEs do not increase IMD 
by increasing stimulation by the primaries at the generation 
sites. If this were the case, all components should increase 
not just the USB component at 2f2-f1. Although enhance-
ments at 2f2-f1 in mutants with SOAEs might relate to an 
increase in the reflection mechanism, this possibility was 
not specifically tested. However, if the reflection mechanism 
did increase in TM mutants, then 2f1-f2 should also increase 
for high-frequency primary pairs generating a 2f1-f2 that 
travels apically to the DP place and where the SOAEs are 
being generated. Again this was not observed in mice lack-
ing Ceacam16.

The low magnitudes of USB DPOAEs observed in nor-
mal mice may relate to several complicating factors. Given 
that thresholds for 2f2-f1 are at least 70 dB SPL in WT 
controls, contributions from OHCs with BFs greater than f2 
are to be expected given the basal extension of the excitation 
patterns for the two high-level primaries [51–53]. Hence, 
the BF locations of f1 and f2 are apical to the BFs of OHCs 
dominating 2f2-f1. The relatively small responses at 2f2-f1 
may, therefore, relate to a reduction in cochlear gain due to 
the high stimulus levels required for their observation [54], 
and to the more linear responses produced by OHCs acti-
vated by primaries below their individual BFs [24].

Measurements in the ear canal are further complicated 
by phase cancellation of responses produced by individual 
hair cell generators located at different positions along the 
cochlear partition [55]. Work in laboratory animals [44] 
indicates that phase cancellation reduces 2f1-f2 primarily 
for narrow f2/f1. In contrast, rapid phase variations were 
encountered with all frequency ratios for 2f2-f1. This lat-
ter observation implies that phase cancellation may impact 
2f2-f1 to a greater degree than for 2f1-f2. In addition, dis-
tortion products observed in mechanical vibrations within 
the organ of Corti may differ from those measured in the 
mouse ear canal, i.e., the latter observations do not necessar-
ily provide an accurate representation of intracochlear non-
linear processes [56]. Finally, differences between DPOAEs 
above and below the eliciting primaries could also relate 
to the upward spread of masking [57, 58]. As masker level 
increases, threshold shifts are greater for signals above the 
masker frequency. Hence, the USB DPOAE could be sup-
pressed by the primaries with the result that 2f2-f1 is smaller 
than 2f1-f2. Because 2f1-f2 is below f1 in frequency, it is 
less vulnerable to masking from the primaries. All of these 
factors probably contribute to the higher thresholds observed 
for the USB distortion component in WT control animals.

Taken together, the results in mice indicate that 2f2-f1 is 
not a sensitive indicator of changes in sensitivity. Mice with 
partial loss of gain, or with loss of somatic electromotil-
ity, both generate USB IMD components that are WT-like. 
Hence, the DPOAE at 2f2-f1 is not useful in the diagnosis of 
hearing loss. Because of the relatively high levels required 
to observe 2f2-f1, this emission is impacted by several com-
plicating factors. These include phase cancellation, upward 
spread of masking and the likelihood that this component is 
dominated by OHCs responding more linearly of the tails of 
their tuning curves.
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